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Since the demonstration of high-bright short-wavelength light emitting diodes based on III-V nitrides in the beginning of 1990s, 1 III-V nitrides have attracted a great deal of interest.
2-4 Without any doubt, binary GaN occupies a central position within the whole family of III-V nitrides. Usually, GaN epilayers are grown on foreign substrates such as sapphire because of lacking of large size native GaN substrate. In the past decade, the linear optical properties of GaN have been studied extensively, for example, single-ultraviolet ͑UV͒-photon excited photoluminescence ͑PL͒ of GaN. 5 It has been well established that under excitation of single UV photon, i.e., the excitation photon energy exceeds the fundamental band gap of GaN, the PL spectrum of GaN heteroepilayers usually contains two characteristic emission bands: one is sharp UV band at 3.4 eV due to annihilation of band-edge excitons, 6, 7 and the other is the broad yellow band centered at 2.2 eV which is believed to be due to defect complexes. [8] [9] [10] Very recently, nonlinear optical properties of GaN have attracted an increasing interest. [11] [12] [13] [14] [15] [16] [17] [18] [19] For example, Kim et al. observed multiphoton excited PL in GaN with a tunable picosecond laser. 12 After the theoretical work done by Hughes et al., 13 Angerer et al. experimentally investigated the ultrafast second-harmonic generation ͑SHG͒ signal from GaN thin films grown on sapphire.
14 Sun et al. reported scanning second-harmonic and third-harmonic generation microscopies of GaN. 15, 16 On the other hand, Schmidt et al. demonstrated the large interband second-order susceptibilities in InGaN / GaN quantum wells. 20 They not only determined the second-order susceptibility leading to the SHG in the InGaN / GaN quantum wells but also observed a resonance effect of the nonlinear response when the SHG peak is tuned to approach the fixed nonlinear photoluminescence ͑NPL͒ peak. A further investigation of such a resonance effect as well as the relationship between the SHG and the NPL signals in III-V nitrides, in particular, in GaN, is thus interesting and desirable. Here we attempt to do such a study in a high-quality GaN film grown on sapphire. The experimental results reveal the interrelation between the SHG and NPL signals when the SHG photon energies are higher than the band gap of GaN.
The GaN film studied in the work was grown on a c-plane sapphire substrate with metalorganic vapor phase epitaxy method. The thickness of the film is about 2.88 m. The optical quality of the film is very high, which was indicated by previous PL studies already reported elsewhere. 21 The excitation laser is a tunable mode-locked Ti:sapphire femtosecond ͑fs͒ laser with pulse width of ϳ100 fs ͑Spectra-Physics Tsunami system͒. The laser wavelength can be tuned from 700 to 930 nm. The laser pulse was focused onto the surface of sample with a f = 10 cm lens and the incident angle is about 60°. The luminescence and SHG signals from the sample were collected and collimated by a lens with a focus length of f = 3.5 cm. After blocking the excitation laser with an optical filter, the PL and SHG were guided into an Acton spectrometer by a lens with f = 20 cm. The PL and SHG signals dispersed by the spectrometer were finally detected by a Hamamatsu R928 photomultiplier tube and amplified by a Stanford Research digital lock-in amplifier. the sample at room temperature and under excitation of 712 nm fs laser with two polarization states. For 712 nm laser, the corresponding two-photon energy is 3.483 eV which is well above the band gap of GaN. Being similar to the single-ultraviolet-photon excited luminescence spectrum, the NPL spectrum consists of a near-band-edge emission peak at 3.379 eV ͑ϳ367 nm͒ and a weak broad yellow luminescence peak centered at 2.3 eV ͑ϳ539 nm͒. The bandedge emission peak exhibits a dependence on the polarization of the incident fs laser whereas the broad yellow peak does not depend on the polarization of the excitation light. As shown later, the polarization dependence of the bandedge emission is due to reabsorption of the SHG photons of the excitation laser. It is also due to the strong reabsorption of the SHG photons that the detected SHG signal is very weak at the excitation wavelength of 712 nm. In order to verify the nonlinearity of the observed NPL signal, excitation-power dependence of the band-edge emission peak was measured when the wavelength of excitation light is fixed at 712 nm. The inset of Fig. 1 plots the square root of the band-edge emission intensity against the excitation power. The solid squares represent the experimental data while the solid line is the least-square fitting result. Indeed, the band-edge emission intensity exhibits a quadratic dependence on the excitation power, which indicates the nonlinearity of the NPL process. It is important to address that both direct two-photon absorption and reabsorption of the SHG photons contribute to the observed luminescence signal ͑the band-edge transition͒ when the energies of incident photons exceed the half band gap of GaN. Since the SHG itself is a second-order nonlinear optical process, it is not surprising that the total intensity of the band-edge emission depends on square of the excitation intensity. Keeping the power density of the excitation laser at 0.4 GW/ cm 2 , we tuned the laser wavelength in a range of 710-ϳ 750 nm so as to observe evolution of the band-edge emission and SHG signal from the sample. For this wavelength range, corresponding laser photon energy varies in the range 1 3 E g Ͻប Ͻ E g . The measured NPL/SHG spectra were shown in Fig. 2 . Looking at the figure, a resonance effect of the nonlinear optical response is immediately observed as shown in the inset of the figure. That is, when the twophoton energy of the excitation laser is swept over the band gap of GaN the SHG signal rapidly increases and then decreases. Simultaneously, the intensity of the band-edge emission whose position is marked by vertical dashed line strongly decreases as the energies of the excitation photons decreases. The strong increase of the SHG signal and the correspondingly rapid decrease of the NPL signal indicate that a close relationship between the SHG and NPL signals likely exists. This makes us to believe that efficient reabsorption of the SHG photons inside the sample could occur when their energies are higher than the GaN band gap and then make important contribution to the generation of the bandedge luminescence. A more clear evidence ͑polarization dependence measurement͒ supporting this idea will be given later. We now turn to talk about another mechanism leading to the nonlinear luminescence. It is the direct two-photon absorption under the condition of the excitation photon energies higher than 1 2 E g Ϸ 1.7 eV ͑corresponding ϳ729 nm͒. The two-photon absorption coefficients of GaN have been determined both experimentally 15 and theoretically. 17 For example, a two-photon absorption coefficient of 3 ± 1.5cm/ GW at 720 nm wavelength was determined by Sun et al. using transient transmission experiments. 15 Recently, a huge excitonic enhancement of two-photon absorption near the exciton-transition energy was even observed by Lin et al. in the GaN system. 22 From the results obtained in the present work, the direct two-photon absorption is still a dominant mechanism producing the NPL, in particular, when the excitation photon energies are much higher than the half band gap of GaN. However, when the excitation photon energies are tuned to be below 1 2 E g the nonlinear absorption mechanism will change from the two-photon absorption to the three-photon absorption. As one more photon is necessitated to excite electrons across the band gap the absorption coefficient will strongly decrease according to E g 4N−5 . 23 Here N is photon number involved in an optical transition. The strong decrease of the nonlinear absorption coefficient certainly results in a significant reduction of the NPL intensity. 13 To further investigate the interrelation between the SHG and the NPL in GaN, we measured dependence of the luminescence signal centered at 367 nm and the SHG signal on the polarization of 712 and 753 nm excitation lights, respectively. The experimental results are depicted in Fig. 3 with symbols. As expected, the dependence of the SHG on the polarization of the excitation light clearly exhibits a rotational symmetry. For generation of second-harmonic light in a thin film, its intensity is proportional to the square of the second-order polarization induced by electric field of the incident fundamental light,
where 
͑2͒
= zyy ͑2͒ = 2.4ϫ 10 −8 esu. Considering that the incident angle of the excitation light is about 60°in the present study, we can derive the second-order susceptibility as a function of the linear polarization angle of the incident light,
Using Eqs. ͑1͒ and ͑2͒ we calculated the SHG intensity versus the laser polarization angle as shown in Fig. 3 . It is seen that satisfactorily good agreement between experiment and theory is achieved. Note that the NPL also exhibits a similar but weaker polarization dependence. This a strong evidence indicating that the strong reabsorption of the SHG photons significantly contributes to the observed luminescence. Therefore, the observed nonlinear luminescence originates from the two kinds of optical transitions: the direct two-photon absorption and reabsorption of SHG photons whose energies are higher than the band gap of GaN.
In conclusion, we have studied the second-harmonic generation and nonlinear luminescence from the GaN epilayer at room temperature using an intense tunable femtosecond laser as the excitation source. The resonant enhancement of the ultrafast SHG was demonstrated when the two-photon energy of the excitation light was tuned to approach the band gap of GaN. We also show that both the direct two-photon absorption and the reabsorption of the SHG photons are responsible for the efficient luminescence signal when the SHG photon energies are higher than the GaN band gap. 
